Peptides corresponding to the C-terminal heptad repeat of HIV-1 gp41 (C-peptides) are potent inhibitors of HIV-1 entry into cells. Their mechanism of inhibition involves binding in a helical conformation to the central coiled coil of HIV-1 gp41 in a dominantnegative manner. Short C-peptides, however, have low binding affinity for gp41 and poor inhibitory activity, which creates an obstacle to the development of small drug-like C-peptides. To improve the inhibitory potency of short C-peptides that target the hydrophobic pocket region of gp41, we use two strategies to stabilize the C-peptide helix: chemical crosslinking and substitution with unnatural helix-favoring amino acids. In this study, the short linear peptide shows no significant inhibitory activity, but a constrained peptide (C14linkmid) inhibits cell-cell fusion at micromolar potency. Structural studies confirm that the constrained peptides bind to the gp41 hydrophobic pocket. Calorimetry reveals that, of the peptides analyzed, the most potent are those that best balance the changes in binding enthalpy and entropy, and surprisingly not those with the highest helical propensity as measured by circular dichroism spectroscopy. Our study reveals the thermodynamic basis of inhibition of an HIV C-peptide, demonstrates the utility of constraining methods for a short antiviral peptide inhibitor, and has implications for the future design of constrained peptides.
Peptides corresponding to the C-terminal heptad repeat of HIV-1 gp41 (C-peptides) are potent inhibitors of HIV-1 entry into cells. Their mechanism of inhibition involves binding in a helical conformation to the central coiled coil of HIV-1 gp41 in a dominantnegative manner. Short C-peptides, however, have low binding affinity for gp41 and poor inhibitory activity, which creates an obstacle to the development of small drug-like C-peptides. To improve the inhibitory potency of short C-peptides that target the hydrophobic pocket region of gp41, we use two strategies to stabilize the C-peptide helix: chemical crosslinking and substitution with unnatural helix-favoring amino acids. In this study, the short linear peptide shows no significant inhibitory activity, but a constrained peptide (C14linkmid) inhibits cell-cell fusion at micromolar potency. Structural studies confirm that the constrained peptides bind to the gp41 hydrophobic pocket. Calorimetry reveals that, of the peptides analyzed, the most potent are those that best balance the changes in binding enthalpy and entropy, and surprisingly not those with the highest helical propensity as measured by circular dichroism spectroscopy. Our study reveals the thermodynamic basis of inhibition of an HIV C-peptide, demonstrates the utility of constraining methods for a short antiviral peptide inhibitor, and has implications for the future design of constrained peptides. P eptides corresponding to the C-terminal heptad repeat of HIV-1 gp41 (C-peptides) are potent inhibitors of HIV-1 infection in vitro (1, 2) and in vivo (3) . Previous work suggests C-peptides, when added exogenously, inhibit HIV-1 entry into cells by binding to the trimeric coiled coil formed in a fusion intermediate by the N-terminal heptad repeat (N-region) of HIV-1 gp41 (4) (5) (6) (7) (8) . This binding event prevents the endogenous C-terminal heptad repeat (C-region) of gp41 from binding to the N-region, thereby blocking the formation of the six-helix bundle necessary to juxtapose and fuse the viral and cellular membranes.
When bound to the gp41 N-region, the C-peptides are ␣ helical. In isolation, however, the C-peptides are in a random coil configuration (9) . The C-peptide-binding event exacts a large energetic penalty due to the loss of conformational entropy, going from an unstructured ensemble of many configurations to a fixed helical conformation. Even for the relatively weak helix-coil transition (10) , this penalty can be substantial (11) . The entropic penalty is especially significant for short Cpeptides, which bind with small interfaces and therefore gain less enthalpy. For example, in two separate studies, a 19-residue C-peptide shows poor inhibitory activity (12) , and a 14-residue C-peptide shows no measurable activity (13) . The low inhibitory potency of short C-peptides remains an impediment to developing a small orally bioavailable HIV-1 entry inhibitor.
One method for reducing the loss of binding energy is to stabilize the helical conformation of the C-peptide in the unbound state. Stabilizing the C-peptide helix decreases the number of nonhelical conformations available to the peptide, thereby reducing the loss of conformational entropy on binding to gp41. Many helix-stabilizing methods have been described (10, 14) . Two strategies explored in this report are the use of unnatural helix-favoring amino acids and chemical crosslinkers.
For helix-favoring amino acids, we focus on ␣-aminoisobutyric acid (Aib), a well studied unnatural amino acid that contains two methyl groups attached to the ␣ carbon (15) . Its helical propensity matches that of Ala (16) , and its ␣,␣ disubstituted structure restricts its conformation to ␣ and 3 10 helices. Substitution of Aib into a peptide sequence can dramatically increase its helical propensity. An alternative helix-stabilizing strategy is to covalently link the side chains of two residues separated in sequence but spatially close in a helix. Of the many crosslinkers studied (10), we use a crosslinker that connects two glutamic acid residues at (i, i ϩ 7) spacing via an ␣, diaminoalkane group (17) . The diaminoalkane crosslinker was shown to be effective in helix stabilization compared with other crosslinkers. Although both strategies are chemically accessible and effective in helix stabilization, previous studies have focused on model peptides and relied mostly on circular dichroism (CD) and NMR spectroscopy to assess helical content (10) . There are surprisingly few demonstrations of such chemistry being applied to peptide inhibitors in a biological setting (13, 18) .
We report here the use of constraining methods to improve the inhibitory potency of a 14-residue C-peptide (called C14) that targets the hydrophobic pocket region of HIV-1 gp41. The hydrophobic pocket is an attractive drug target, because it may be less prone to drug-resistant mutations (2, 4, 19, 20) . Furthermore, peptides selected by phage display to bind to the hydrophobic pocket effectively inhibit HIV-1 entry into cells (19) . As such, short C-peptides that target the hydrophobic target would be attractive starting points for the development of a new class of small anti-HIV peptides. However, in previous studies, short C-peptides corresponding to the pocket-binding region failed to inhibit HIV-1 entry (12, 13), most likely due to weak binding to the target. Thus, proper helix stabilization of C14 may be important for obtaining inhibitory activity. The challenge is made greater here than in model systems, because the C14 sequence does not have a high intrinsic helical propensity.
We explore the effectiveness of the Aib and crosslinker strategies in promoting the inhibitory activity of a C14 peptide that targets the HIV-1 gp41 hydrophobic pocket, and investigate their mechanism of action by structural studies and energetic measurements.
Materials and Methods
Peptide Synthesis and Purification. Peptides C14wt and C14Aib were synthesized by standard Fmoc chemistry with succinylated N termini and amidated C termini (sequences shown in Fig. 1 ). The purity and mass of the two peptides were verified by liquid chromatography-mass spectroscopy (Finnigan-Mat, San Jose, CA; LCQ). Peptides C14linkmid, C14linkN, and C14linkNAib
Abbreviations: CD, circular dichroism; TFE, trifluoroethanol; N-region, N-terminal heptad repeat; C-region, C-terminal heptad repeat; Aib, ␣-aminoisobutyric acid. were synthesized essentially as described (21) . However, before forming the ''lock'' on resin, the peptide N termini were blocked by coupling to succinic acid mono t-butyl ester. Deprotection and purification were as described (21) . All peptides eluted as single peaks from C18 HPLC columns (Ͼ95% purity); identities were confirmed by electrospray mass spectrometry. To synthesize C14unlinkmid, Fmoc-L-Glu ␣-⌷-t-butyl ester (Nova Biochem) was activated with one equivalent of carbonyldiimidazole in acetonitrile, then coupled to n-propyl amine. After removal of solvent and chromatography on silica gel (1:1 ethyl acetate͞ hexanes), the amide was treated with trifluoroacetic acid to remove the t-butyl protecting group. The resulting Fmoc amino acid was lyophilized from water then used directly for synthesis of C14unlinkmid. HeLa cells expressing CD4 and long terminal repeatdriven ␤-galactosidase (19) . The cells were mixed in the presence of varying concentrations of C14 peptides. Peptide stocks were dissolved in dimethyl sulfoxide and their concentrations determined by absorbance at 280 nm in 6 M GuHCl (22) . The final concentration of dimethyl sulfoxide in tissue media was 1% in all experiments. The CHO and HeLa cells were incubated in the presence of the C14 peptides for 20 h and stained with 5-bromo-4-chloro-3-indolyl-␤-D-galactoside to detect syncytia, which were visualized by microscopy and counted manually. The IC 50 , the concentration needed to inhibit 50% of cell-cell fusion, was calculated from fitting the data to the equation, y ϭ k͞(1 ϩ [peptide]͞IC 50 ), where y ϭ number of syncytia, and k is a scaling constant.
NMR Spectroscopy.

1
H NMR experiments were performed by using a Bruker (Billerica, MA) AMX spectrometer operating at 500 MHz and 25°C. Data were processed with Felix 98.0 (Molecular Simulations, Waltham, MA) on Silicon Graphics (Mountain View, CA) computers, and all spectra were referenced to 2,2-dimethyl-2-silapentane-5-sufonic acid. Complexes of C14 peptides with IQN17 were of 1:1 stoichiometry, with final solute concentrations of each component ranging from 0.5 to 1.0 mM, depending on solubility. All samples were dissolved in 100 mM NaCl͞50 mM sodium phosphate (pH 7.5); the buffers used were Ͼ99.7% D 2 O to remove overlapping resonances from solvent-exchangeable backbone and side-chain protons. Some samples that contained a complex of C14 peptide with IQN17 displayed slight precipitation, which was not observed for the separate IQN17 and C-peptide components.
X-Ray Crystallography. Equimolar amounts of C14linkmid and IQN17 were mixed to reach a concentration of 1.2 mM. The complex was crystallized by mixing 1 l of the protein solution with 1 l of 16% isopropanol͞0.1 M Tris, pH 8.6͞1 M (NH 4 ) 2 SO 4 by using the hanging drop method. Before data collection, the crystal was flash-frozen with 20% ethylene glycol added as cryoprotectant. A native data set was collected at the National Synchrotron Light Source at Brookhaven National Laboratory (beam X4A) at 1.9-Å resolution. The data were processed by using the programs DENZO and SCALEPACK (23) . The crystals belong to the space group P6 3 with unit cell dimensions of a ϭ b ϭ 38.4 Å, c ϭ 169.7 Å. The structure was solved by using the molecular replacement method with the program AMORE (24) and a resolution range of 8-2.5 Å. The structure of unbound IQN17 (V.N.M. and P.S.K., unpublished data) and a model of the last 12 residues of C14linkmid bound to the hydrophobic pocket [in the same conformation as C34 in the gp41 core (4)] was used as a search model. There were two monomers in the asymmetric unit, with the 3-fold axis of the IQN17 trimer coinciding with the crystallographic c-axis. Interpretation of the electron density map and model building was done with the program O (25) . The structure was subsequently refined with CNS (26) by using a twinning fraction of 0.50 (27) (details of the twinning are published as supporting information on the PNAS web site, www.pnas.org).
In addition to electron density maps calculated with coefficients 2F o Ϫ F c and F o Ϫ F c , composite omit maps were used to minimize model bias. Refinement of temperature factors, cycles of conjugate gradient minimization, and cycles of rebuilding were performed. The final model consists of all residues of both peptides except for the two N-terminal residues of C14linkmid. Structural analysis with PROCHECK (28) shows that 97.1% of residues occupy the most favored regions of the Ramachandran plot, with the remaining residues occupying allowed regions. Data collection and refinement statistics are shown in Table 2 .
CD Spectroscopy. CD spectra were measured on an Aviv (Lakewood, NJ) 62DS spectrapolarimeter at 25°C in PBS (10 mM sodium phosphate͞150 mM NaCl, pH 7.0) and 50 M total peptide concentration. CD spectra were also recorded in the presence of 0-50% (vol͞vol) trifluoroethanol (TFE). In these samples, the final buffer and salt concentrations were the same, and the CD spectrum of the appropriate solvent reference was subtracted from the peptide spectrum.
Isothermal Titration Calorimetry. Isothermal titration calorimetry was performed on a VP-ITC microcalorimeter (MicroCal, Amherst, MA). All solutions were degassed before the experiment. Experiments were carried out in PBS at 37°C. C14 peptides ranging from 0.6 to 0.8 mM were injected in 6 l of increments into the reaction cell (1.49-ml volume) containing IQN17 ranging from 60 to 80 M. The titration of IQN17 with C14 peptides was carried out until a C14:IQN17 concentration ratio of about 2.5:1 was reached. The heat of dilution of the C14 peptides was measured by making additional injections after complete saturation. This value was subtracted from the heat of reaction to obtain the heat of binding. The data were fit to a single binding site model by using the Microcal (Amherst, MA) ORIGIN analysis software to obtain the thermodynamic parameters. Results C14 Peptides and Inhibitory Activities. We used two strategies, substitution with Aib and a diaminoalkane crosslinker, intended to stabilize the helical conformation of a 14-residue C-peptide whose sequence corresponds to HIV-1 gp41 beginning with Met-626 and ending with Thr-639 (using the gp160 numbering from the HXB2 strain) (Fig. 1) . On the basis of the crystal structure of the HIV-1 gp41 core, this peptide is expected to target the gp41 hydrophobic pocket (2, 4, 6, 7). We produced six peptides of different modifications at different amino acid positions for our analysis (Fig. 1) .
We used a cell-cell fusion experiment to assay the biological activity of the peptides (19) . As shown in Table 1 , of the six peptides we produced, C14linkmid is the most potent inhibitor of syncytia formation (IC 50 ϭ 35 M), followed by C14Aib (IC 50 ϭ 144 M). C14linkmid is also the only peptide that shows measurable inhibitory activity in a luciferase-based viral infectivity assay (2), although at a higher IC 50 (approximately 500 M; data not shown) than in the cell-cell fusion assay. C14wt and C14unlinkmid show very weak inhibition of cell-cell fusion with IC 50 values exceeding 500 M, and C14linkN and C14linkNAib show no inhibitory activity.
Structural Studies. To confirm that peptides bind to the hydrophobic pocket, NMR spectroscopy was performed on C14linkmid, C14wt, and C14linkNAib in the presence of IQN17 (Fig. 2) . IQN17 is a soluble peptide that contains the HIV-1 gp41 hydrophobic pocket fused to a trimeric coiled coil derived from the GCN4 leucine zipper (19) . The NMR spectra of IQN17 and all three C14 peptides in isolation reveal resonances in the aromatic region but not in the 5.0-to 6.5-ppm region, termed the ''fingerprint'' region (see Fig. 2 A and B for representative spectra). When mixed, however, C14linkmid͞IQN17 produces distinct resonances in the fingerprint region (Fig. 2C) , corresponding to Trp residues in the hydrophobic pocket that experience a significant change in the magnetic environment on formation of the complex (19) . This region of the NMR spectrum is sensitive even to small rotations of the Trp side chains because of the strong ring-current effect. The resonances are virtually identical with those from the gp41 core (Fig. 2F) but different from those of IQN17 with a D-peptide (Fig. 2G) . This comparison suggests that the detailed structure of the hydrophobic pocket for C14linkmid͞IQN17 resembles that of the gp41 core (4, 6) and not of the D-peptide-IQN17 complex (19) .
Even though C14wt is a weak biological inhibitor, the NMR spectrum of C14wt͞IQN17, under high peptide concentrations, is also similar in the fingerprint region to that of the gp41 core (Fig. 2D) . In contrast, C14linkNAib, which exhibits no biological inhibitory activity, produces weak resonances with different chemical shifts in the fingerprint region (Fig. 2E) , which may be due to chemical shift averaging or a different conformation of the Trp residues in the hydrophobic pocket.
To more precisely analyze the structure of the constrained peptides, we obtained a 1.9-Å resolution x-ray crystal structure of the most biologically potent peptide, the crosslinked peptide C14linkmid, bound to IQN17 (Table 2, Fig. 3 ). Although the crystal showed merohedral twinning, the structure was refined with excellent statistics by using detwinning methods (see Materials and Methods and supporting information on the PNAS web site). As expected, IQN17 forms a continuous and regular three-stranded coiled coil, and the crosslinked peptide binds only to the gp41 region (Fig. 3A) . The structure reveals that C14linkmid binds to the HIV-1 gp41 hydrophobic pocket in essentially the same conformation as the pocket-binding region of a linear C-peptide, C34 (Fig. 3 B and C) . In particular, the orientations of the side chains in the hydrophobic pocket (Trp-628, Trp-631, Ile-635, Leu-568, Trp-571) are virtually identical in the two structures. The main chain of C14linkmid is also similar to C34 (rms deviation of 0.4 Å), demonstrating that the crosslink imparts no detectable distortion on the backbone of the C14 peptide in the bound conformation. Moreover, the crosslinker exhibits a high B-factor (60-67 Å 2 ), suggesting it is either unstructured or adopts multiple discrete conformations. for a 14-residue peptide (29) ]. We also examined the helical propensity of the C14 peptides by titration with TFE (30), a helix-stabilizing solvent, and followed their helicity by CD spectroscopy (see supporting information on the PNAS web site for CD spectra of C14linkmid in different TFE concentrations). Even at 50% (vol͞vol) TFE, the C14 peptides are poorly helical (Fig. 4C) . Although C14linkmid, the most potent inhibitor, has the highest helical content in the presence of TFE, the helical propensities of the other peptides do not correlate with their inhibitory potencies or structural modifications.
To investigate the thermodynamics of binding to the hydrophobic pocket, isothermal titration calorimetry was performed on the binding of C14 peptides to IQN17 at 37°C. All titrations are consistent with two-state binding (Fig. 4A) , and all C14 peptides bind to IQN17 in the expected ratio of 1:1 (three peptides per IQN17 trimer; the molar ratio of titration ranges from 0.88 to 1.09). C14linkmid, the most potent inhibitor, exhibits the strongest binding to IQN17 with a K d of 1.2 M. Next in binding affinity are C14Aib and C14unlinkmid with K d values of 2.1 and 2.6 M, respectively. The weakest binders are C14linkNAib, C14wt, and C14linkN, which have K d values of 7.0, 8.4, and 12.6 M, respectively. As a general trend, the peptides that exhibit a large gain of binding enthalpy also exhibit a large loss of binding entropy, and vice versa (Fig. 4B) . Interestingly, peptides at the two extremes show relatively weak binding, whereas peptides with the strongest binding affinities are those in the middle of the enthalpy-entropy spectrum.
Discussion
Efficacy of the Modifications. Both the crosslinking and Aib modifications confer significant biological activity to a HIV-1 C-peptide that would otherwise exhibit weak inhibition. Compared with C14wt, C14linkmid binds Ϸ7 times more tightly to the hydrophobic pocket and inhibits cell-cell fusion Ϸ15 times more potently, whereas the effects of C14Aib are weaker (gains of Ϸ4-fold activity in both categories) ( Table 1 and Fig. 4) . [Note that in another study, a crosslinked peptide similar to C14linkmid showed no inhibitory activity (13)].
In a previous study, a group of D-peptides was selected by phage display to bind to the gp41 hydrophobic pocket and inhibited cell-cell fusion with IC 50 values in the range of 3.6-130 M (19) . An advantage of the current study is that it circumvents the need for selection experiments, provided it can constrain natural peptide sequences into effective biological inhibitors. In the current study, the K d of the most potent constrained C14 peptide matches that of the most potent D-peptide (31) (1.2 M for both C14linkmid and D10-p5-2K), and the IC 50 values of the two constrained C14 peptides are in the range of activities of the D-peptides. The thermodynamics of binding are also similar for both groups of peptides. The binding of both the C14 peptides and D-peptides to the hydrophobic pocket is driven by a favorable change in enthalpy, which is approximately -15 kcal͞mol in both cases (31) . Overall, the efficacy of the constrained peptides approaches that of the D-peptides.
For the crosslinked C14 peptides, the efficacy of the crosslinker depends on its position in the peptide sequence. In particular, C14 peptides crosslinked at the N terminus (C14linkN and C14linkNAib) do not inhibit cell-cell fusion, whereas the C14 peptide crosslinked in the middle of the peptide (C14linkmid) inhibits cell-cell fusion at micromolar potency. Calorimetry shows that the N-terminal crosslinker results in entropically more favorable binding but incurs a greater enthalpic penalty and results in a lower binding affinity. The low binding affinity and small gain of enthalpy may stem from the N-terminal linker constraining the key pocket-binding residues Trp-628 and Trp-631 into an incorrect conformation (2) (Trp-628 is outside the linker of C14linkmid). The increased entropic stabilization may stem from the ability of a crosslinker at the N terminus to cap the helix; the stabilization of a helix at the N † Rsym ϭ ⌺⌺j͉Ij Ϫ ͗I͉͘͞⌺⌺͉͗I͉͘, where Ij is the recorded intensity of the reflection j, and ͗I͘ is the mean recorded intensity over multiple recordings. ‡ I is the integrated intensity of a measured reflection, and is the estimated error in the measurement. § 413 reflections are rejected because their twin-related reflections are not observed (26) . ¶ Rcryst, Rfree ϭ ⌺ʈFo Ϫ Fcʈ͉͞F͉, where the Rcryst and Rfree are calculated using the working and free reflection sets, respectively. terminus, which is generally more mobile than the middle of a helix, may reduce more degrees of freedom than it would in the middle of the helix, a phenomenon observed previously in a crosslinker (32) .
Binding Affinity to the gp41 Hydrophobic Pocket vs. Inhibitory Potency. In general, we observe a good correlation between binding affinity to the gp41 hydrophobic pocket and cell-cell fusion inhibitory activity (Fig. 4 B and C) . Nonetheless, the IC 50 in the cell-cell fusion assay is consistently Ͼ10-fold less potent than the K d measurement in solution [a difference that holds true also for D-peptides (19, 31) ]. Additional factors, other than binding affinity to the target, may be necessary for blocking viral entry.
C14unlinkmid Binds Strongly to the Hydrophobic Pocket. An exception to the general trend is C14unlinkmid, which binds to the hydrophobic pocket relatively strongly but does not inhibit cell-cell fusion. This discrepancy suggests factors exist that prevent a good binder from being a good biological inhibitor. For example, a modification may increase nonspecific aggregation to serum proteins or proteins on the virion surface, or it may alter the proteolytic sensitivity of the peptide.
C14unlinkmid binds strongly to the hydrophobic pocket despite the severing of the covalent crosslinker. The high binding affinity stems from amino acid substitutions with N--propylglutamine, whose chemical structure resembles amino acids containing a straight-chain aliphatic group such as Leu, Met, Lys, and Arg. Interestingly, all these amino acids highly favor the helical conformation (10, 16) . Thus, the mechanism of stabilization of C14unlinkmid may be similar to that of C14Aib, which involves substitutions with helix-favoring amino acids. The effect is expected to be weaker than C14Aib, as confirmed by measurements of binding entropies and binding constants (Fig.  4B) , because Aib is a strong helix-favoring amino acid. Overall, the properties of C14unlinkmid suggest the existence of two components in the mechanism of helix stabilization by the crosslinker: first, via an increased helical propensity of the two substituted amino acids; and second, further stabilization from formation of the covalent bond.
Changes in Entropy and Enthalpy. Across the C14 peptides in our study, we observe a compensation of changes in the entropy of binding (⌬⌬S) with changes in the enthalpy of binding (⌬⌬H) (Fig. 4B) . (⌬⌬S and ⌬⌬H refer to the differences in ⌬S and ⌬H of a C14 peptide compared with the ⌬S and ⌬H of the C14wt peptide.) The compensation of changes in enthalpy and entropy is not perfect, resulting in a variation of binding free energies. The peptides that bind to the hydrophobic pocket with the highest affinity (C14linkmid, C14Aib, and C14unlinkmid) exhibit only modest changes in enthalpy and entropy.
In biomolecular interactions, changes in enthalpy and entropy are often similar in magnitude but opposite in their effects on free energy (31, 33, 34) . One explanation for the observed enthalpy-entropy compensation of the C14 peptides is that the modifications change the binding enthalpy in a way that is not easily rationalized structurally (35) , with the changes in entropy being a direct consequence via the typical compensation mechanism (34) . However, we note that, significantly, the trend of entropic stabilization (⌬⌬S) is not random but follows strikingly well the stabilization expected from the severity of the constraint (Fig. 4B) . This observation suggests that a major component of the variation in ⌬⌬S is due to structural modification of the C14 peptides that result in differences in conformational entropy.
There also exists a trend between the changes in binding enthalpy (⌬⌬H) and the severity of the constraint. Enthalpy can be lost in the bound state if the modifications directly or indirectly change the van der Waals and hydrogen bond contacts in the binding interface (35) . For the moderately constrained peptides (C14unlinkmid, C14Aib, and C14linkmid), only small losses of binding enthalpy are observed, and the x-ray crystal structure confirms there are no gross structural differences in the bound conformation of a moderately constrained peptide compared with a linear peptide. For the highly constrained peptides (C14linkN and C14linkNAib), a larger loss of binding enthalpy is observed, which may reflect a larger difference in the structure of the bound state (35) due to conformational strain imparted by the modifications (as shown by NMR spectroscopy for C14linkNAib in Fig. 2E ). There exists no trend between the conformations of the unbound states and binding enthalpy (Fig. 4 B and C) .
Helical Content vs. Inhibitory Potency. Helix-stabilization strategies are judged to be effective if they confer a large degree of helicity to model peptides as measured by CD or NMR spectroscopy (10) . Their effect on biologically relevant peptides of moderate helical propensities has been less tested, and a direct correlation between induced helicity and biological activity is often lacking (one demonstration is ref 13) . In the present study, CD measurements show that none of the C14 peptides, constrained or linear, are helical at room temperature (Fig. 4C) . Therefore, Table 1 ).
neither the crosslinker nor Aib confer significant helical content to C14, a short peptide of moderate intrinsic helical propensity. Furthermore, a general correlation between helical content or helical propensity (as measured by TFE-induced helicity) and biological activity does not exist, suggesting that for the C14 peptides, measurements by CD spectroscopy are not a reliable indicator of the effectiveness of the constraining method.
Future Design of Helical Inhibitors. This study has several implications for the future design of constrained, biologically active peptides (18, 21, (36) (37) (38) . In particular, a focus in the development of helix-stabilization methods has been to maximize the helical content of short peptides. In this study, the peptides with the greatest inhibitory potency and binding affinity to the hydrophobic pocket (C14linkmid and C14Aib) did not exhibit significant helical content or helical propensity by CD spectroscopy. In fact, the highly constrained peptides had poor inhibitory potencies, possibly because they were constrained into an inactive conformation. For C14linkmid, the slackness of the crosslinker was also apparent in the crystal structure, because it failed to adopt a well-defined conformation. Despite the modest structural effects, however, the modifications for C14linkmid and C14Aib translated into a large reduction in conformational entropy and a significant increase in biological activity. Therefore, rather than constraining a peptide into a rigid helix, for future designs one should also consider the use of looser linkers, which can reduce the number of degrees of freedom in the unbound state without perturbing the helical conformation of the bound state.
Finally, the strategies used here are immediately applicable to the design of helical inhibitors against other viruses that share the trimer-of-hairpins motif for membrane fusion, especially those for which analogous helical C-peptides have been shown to inhibit viral entry (8) .
